Sr and Ce co-doped BaTiO3 ceramics prepared by the cold-pressing ceramic process exhibited a worse solid solution. The influence of slight La doping on solid solution and dielectric properties of (Ba,Sr)(Ti,Ce)O3 ceramics (BSTC) was investigated by XRD, SEM, and dielectric measurements. The results indicated that La addition to BSTC may form a single-phase solid solution up to 15% Sr and result in a grain-size refinement (< 1 μm). The most marked effect is strong broadening and rise of Curie peak around room temperature and a dramatic dielectric-peak shift rate of -56°C/at.% La for dense (Ba1-x-zSrxLaz) (Ti1-z/4-yCey)O3 (x = 0.10, y = 0.03, z = 0.01) ceramic with higher room-temperature dielectric permittivity (~3500) and lower dielectric loss (< 0.02).
Introduction
Sr 1)-3) and Ce 4)-6) often act as two types of the effective BaTiO3 Curie point shifters that can induce diffuse phase transition around room temperature in dielectric-temperature characteristic due to their better solid solution in the BaTiO3 lattice. As known to all, Sr and Ce may be substituted equivalently for Ba sites and Ti sites in modified BaTiO3 ceramics, respectively. When two types of ions are substituted simultaneously for Ba sites and Ti sites in BaTiO3, the dielectric characteristic of materials may be improved by this so-called "co-doping effect", which can lead to strong diffuse phase transition in the vicinity of room temperature and reduce the amount of dopants. It was reported that diffuse phase transition resulted from doping effect originates from a polar nano-domains structure, i.e., disorderorder model. 7)-9) The recent study on co-doping effect shows that the use of both Sr 2+ and Zr 4+ as equivalent additives to Ba 2+ and Ti 4+ of BaTiO3 can accelerate shift of Curie point towards low temperature and raise diffuseness of dielectric peak.
10) The advantage of co-doping for both Ba and Ti sites are also embodied in La and Ce doped barium titanate ceramics, 9),11),12) in which Ce as Ce 4+ occupies Ti sites. 13) Similar to (Ba, Sr)(Ti, Zr)O3 system, 10),14),15) (Ba, Sr)(Ti, Ce)O3 system has aroused researchers' attention 16) , 17) on the basis of two considerations: (1) Although Ce additive makes a contribution to the broadening of the Curie peak in Ba(Ti1-xCex)O3 relaxor ceramics, the peak-shift rate of -7°C/at.% Ce is lower and the Curie peak decreases to ε ′ = ~3000 at 1 kHz as it moves to room temperature when x = 0.2, resulting in a lower rare-earth-doping efficiency; 5) (2) The application of co-doping effect will reduce Ce cost. 11) In addition, the applications of rare earth dopants in BaTiO3 exhibit a superior long-term reliability in resistance degradation. 18 ), 19) However, it was deduced from the XRD results reported 17) that (Ba, Sr)(Ti, Ce)O3 ceramics with Ce > 1% are not single-phase solid solutions. 17) Our experiments also confirmed the worse solid solution of both Sr and Ce in the BaTiO3 lattice.
The monitoring experiments from XRD and ESR for the solid solution formation of (Ba, La)(Ti, Ce)O3 ceramics demonstrated that La ions are incorporated into Ba sites to induce Ti vacancies which can accelerate diffusion of Ce 4+ ions into perovskite grains and raise permittivity. 9),11) In this work, in order to improve the solid solution of (Ba, Sr)(Ti, Ce)O3 system and verify La doping effect, the influence of slight La doping on solid solution and dielectric properties of (Ba,Sr)(Ti,Ce)O3 ceramics was investigated.
Experimental
(Ba,Sr)(Ti,Ce)O3 ceramics (BSTC) were prepared using a conventional ceramic processing technique according to the formula (Ba1-xSrx)(Ti1-yCey)O3 (x = 0.10, 0.15, 0.20, y = 0.03; denoted as S10C3, S15C3, and S20C3, respectively). The starting materials BaCO3 (99.9%), TiO2 (99.9%), SrCO3 (99.9%), La2O3 (99.99%), and CeO2 (99.99%) (Shanghai Diyang Chemical Co., Ltd.) re-agent powders were weighed and carefully mixed. The mixture was calcinated in air at 1100°C for 5 h for decarbonation. The mixture with a PVA binder was then uniaxially pressed at 200 MPa for 2 min into pellets (Φ12 mm). After sintered at 1450°C for 12 h in air, the pellets were densified into crack-free ceramics.
In order to enhance the solution of Sr and Ce in BaTiO3, 1% La doping to (Ba,Sr)(Ti,Ce)O3 were carried out using the same technique above according to Ti-vacancy defects based (Ba1-x-zSrxLaz)(Ti1-z/4-yCey)O3 (x = 0.10, 0.15, 0.20, z = 0.01, y = 0.03; denoted as S10L1C3, S15L1C3, and S20L1C3, respectively) (BSLTC). The schedule is 1100°C, 5 h; 200 MPa, 2 min; 1480°C, 24 h. In order to compare the effect of incorporation, the S15L1C5 (x = 0.15, z = 0.01, y = 0.05) and JCS-Japan S15 [(Ba1-xSrx)TiO3 (x = 0.15)] samples were prepared under the same conditions as BSLTC above and at 1300°C, respectively.
Powder X-ray diffraction (XRD) measurements were performed using an X-ray diffractometer (D8 Advance, Germany). All XRD data were collected between 10° ≤ 2θ ≤ 100° in steps of 0.02° at room temperature. Crystal structures were determined by MS Modeling (Accelry Inc.) using Reflex Package and Cu Kα1 radiation (λ = 0.1540562 nm).
Scanning electric microscope (SEM; JSM-6490, JEOL Co.) images were obtained using a SEM, running at 15 kV. The average grain size was estimated by Fullman's method. 20) The surface of polished ceramic disks (Φ10.3, 0.8 mm in thickness) was pasted with silver to form electrodes (5 × 5 = 25 mm 2 ) for dielectric measurements. Temperature dependence of dielectric permittivity was measured from -70 to 200°C at a heating rate of 2°C/min with a weak 1 kHz ac electric field of 12.5 V/cm using a programmable automatic RCL meter (PM6306, Fluke Corp.). Figure 1 shows powder XRD patterns of the samples. All the ceramics exhibit a typical perovskite structure. A small amount of secondary phase appears in BSTC series and S20L1C3, with the exception of the main perovskite phase. Figure 2 clearly shows structural evolution for the samples with 15% Sr in light of the characteristic perovskite peak in the vicinity of 45° and the peak at 28.6° near the perovskite (110) main peak. The secondary phase is designated as BaCeO3, where its (002) main peak lies at 28.6° (JCPDS cards: No. 22-74).
Results and discussion
As known to all, the substitution of larger Ce 4+ ions (radius: 0.087 nm) 21) for B-site Ti 4+ ions (0.0605 nm) 21) in the BO6 octahedral skeleton needs higher temperature, e.g. 1500°C for Ba (Ti1-xCex)O3, 5) while Sr 2+ ions (0.144 nm) 21) may substitute for A-site Ba 2+ ions (0.161 nm) 21) located on the interstitial space of the BO6 skeleton to form single-phase solid solution at lower temperature, e.g. 1300°C for S15. When both Sr and Ce are used as dopants in BaTiO3, the solid solution formation of (Ba,Sr)(Ti,Ce)O3 system is that, Sr 2+ ions entering A-sites have priority to Ce 4+ ions entering B-sites, and larger Ce 4+ ions is apt to combine larger Ba 2+ ions into BaCeO3, both of which effect the further incorporation of BaCeO3 into Sr-rich perovskite grains, separating out a small amount of BaCeO3 phase.
1% La doping in S15C3 almost makes the BaCeO3 phase vanish and form a single-phase solid solution S15L1C3, as shown in Fig. 2(a) . This suggests that La ions incorporated into Ba sites can accelerate diffusion of Ce 4+ ions from BaCeO3 into perovskite grains, as demonstrate elsewhere. 9),11) However, with increasing Ce content from 3% to 5%, it was observed that the BaCeO3 phase appears again in S15L1C5, suggesting that the amount of 1% La is insufficient for solid solution of more than 3% Ce in BSTC. S15 has a tetragonal structure (a = 0.39802 nm, c = 0.40100 nm) characteristic of two separated (002) and (200) peaks in the vicinity of 45°. Co-doping with Sr and Ce in BaTiO3 along with subsequent La addition make the two peaks merged into a symmetric (200) peak, as shown in Fig. 2(b) . The co-doped system shows an average cubic perovskite structure. Figure 3 compares unit cell volume (V0) versus dopant type. It can be seen that Ce addition to S15 causes an increase in V0, suggesting that Ce as Ce 4+ substitutes for Ti sites, because Ce 4+ ions are greater than Ti 4+ ions and BO6 octahedrons are the Fig. 1 . Powder XRD patterns for (a) S15, (b) S10C3, (c) S15C3, (d) S20C3, (e) S10L1C3, (f) S15L1C3, (g) S20L1C3 ceramics. Fig. 2 . Powder XRD peaks in the vicinity of (a) 28.6° and (b) 45°( Gaussian fitted) for S1T, S15C3, S15L1C3, and S15L1C5 ceramics. skeleton of the perovskite structure. The slight La incorporation into BSTC has a little influence on V0 of BSTC owing to the small amount of La dopant (1%). Because Sr 2+ ions are less than Ba 2+ ions, 21) the substitution of Sr 2+ for A-site Ba 2+ will lead to a decrease in V0, as observed for S10C3, S15C3 and S10L1C3, S15C1L13 samples. In addition, the introduction of La to BSTC will make ceramics denser, as shown in the inset in Fig. 3 . S10L1C3 exhibits the maximum density, coming up to 95% of theory density. However, the D/Dt (ratio of density to theory density) difference between S15L1C3 and S10L1C3 is larger than that between S15L1C3 and S20L1C3, indicating that Sr content affects D/Dt of BSLTC. In the single-phase region of BSLTC (Sr ≤ 15%), the ceramic density decreases with increasing Sr content. As Sr = 20%, the abnormal increase in density for S20L1C3 with respect to S15L1C3 may be associated with separating out a small amount of BaCeO3 in S20L1C3. Figure 4 shows SEM images for the samples with 15% Sr. The mean grain size for S15, S15C3, S15L1C3, and S15L1C5 ceramics is 2.7, 1.2, 0.8, and 1.0 μm, respectively. A striking feature is that co-doping with Sr and 3% Ce in BaTiO3 results in a grain-size refinement with respect to Sr-doped [ Fig. 4(a) ] or Ce-doped BaTiO3 (2.5 μm) 11) ceramics, and subsequent La addition to BSTC results in further refinement (0.8 μm for S15L1C3 and S10L1C3), which may reduce porosity and obtain highly dense BSLTC ceramics. It can be observed that the increase in Ce content causes grain growth for BSLTC [Figs. 4(c) and (d)]. A similar phenomenon was also observed for BSLTC as Sr content increases. However, SEM observations can not distinguish the BaCeO3 grains from the main perovskite grains in S15C3 or S15L1C5 owing to a very small amount of the BaCeO3 phase.
Temperature dependences of dielectric permittivity ε ′(T) for S15, BSTC and BSLTC series are shown in Fig. 5(a) . It has been known that Sr addition can lower the Curie point of BaTiO3 linearly at a rate of 3.4°C/at.% Sr.
10) The term "Curie point", i.e., tetragonal-cubic phase transition point (TC), is only used for ceramics showing a first-order phase transition (FPT) behavior in ε ′(T), whereas a precise term "temperature of permittivity maximum (Tm)" is often adopted for doped ceramics with diffuse phase transition (DPT). 22) Tm of S15 lies at 85°C, approaching to the temperature determined by the above shift rate.
10) The permittivity peak of S15 shows a slight DPT behavior, but a shoulder peak corresponding to orthorhombic-tetragonal phase transition point (T2) at -15°C exists, indicating that S15 is characteristic of FPT.
For Sr and Ce co-doped BaTiO3 (BSTC), as Sr content is small (10%), the shoulder peak corresponding to T2 still persists in S10C3 and shifts to higher temperature side. As Sr ≥ 15%, the two peaks merge into a strong DPT peak, such as for S15C3 and S20C3. However, the dielectric peak of BSTC does not exhibit a shift law with Sr content. As opposed to the expected result, Tm of S20C3 (51°C) is higher than Tm of S15C3 (35°C). A possible reason is that with increasing Sr content the occurrence of the secondary phase BaCeO3 in S20C3 dilutes the concentration of defects clusters (SrBa-CeTi) and therefore weaken co-doping effect of Ce dopant, resulting in an abnormal increase in Tm. Permittivity maximum (ε ′m) decreases with Sr content in BSTC. By comparing BSTC with Ba(Ti1-xCex)O3 ceramics (R = 3°C/at.% Ce), 5) Ce dopant in (Ba,Sr)TiO3 shows a higher doping efficiency for the shift of Tm and broadening of dielectric peak, e.g. the Tm shift rate (R) is 17°C/at.% Ce for S15C3. A striking feature in BSTC is a remarked fall of dielectric loss (tanδ ~ 0.02) with respect to (Ba,Sr)TiO3 (see S15), as shown in Fig. 5(b) . Note: The other tanδ (T) curves of BSTC and BSLTC series (not given here) are analogous to those of S10C3 and S10L1C3 shown in Fig. 5(b) , respectively.
As directed by XRD results, La addition to BSTC improves solid solubility of various dopants in the perovskite lattice, so a systematic change in ε ′(T) can be observed for BSLTC in Fig.  5(a) . Both Tm and ε ′m decrease with increasing Sr content, and room-temperature permittivity (ε ′RT) shows a linear fall with Sr content, as shown in Fig. 6 . By comparison to BSTC in Fig. 5(a) , the ε ′(T) curves of BSLTC show two characteristics: (1) 1% La addition in S10C3 causes a strong broadening of Curie peak and a dramatic rate of -56°C/at.% La, which play a most important role in co-doping effect; (2) 1% La addition in S20C3 also causes a dramatic Tm-shift rate of -64°C/at.% La, implying the improvement of solid solution. A shoulder in ε ′(T) occurs around 135°C, which is somewhat different from traditional relaxor Fig. 4 . SEM micrographs of thermally etched surface of (a) S15, (b) S15C3, (c) S15L1C3, and (d) S15L1C5 ceramics. g is the mean grain size. 
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ferroelectrics. The reason is unclear. As shown in Fig. 5(b) , S10L1C3 shows a slight increase in dielectric loss (tanδ ≤ 0.02) with respect to S10C3 in the Y5V temperature region -30 to 85°C. However, at the higher temperature region T > 120°C, the dielectric loss of S10L1C3 increases rapidly with temperature and is much larger than that of S10C3.
In light of the above investigations, S15C3, S15L1C3, and S10L1C3 are three promising solid solutions owing to a finegrained microstructure, a strong diffuse phase transition around room temperature, high dielectric permittivity (~3000), and low dielectric loss (< 0.02). If the dielectric heat relaxation effect 12) between heating and cooling runs is considered, S10L1C3 with the higher ε ′RT (~3500) is the most promising dielectric among BSTC and BSLTC series. (2) On the basis of Ti-vacancy mechanism, La addition to the above BSTC can improve solid solubility of Sr and Ce dopants in the perovskite lattice, resulting in the formation of a single-phase solid solution up to 15% Sr and a grain-size refinement; (3) 1% La addition to S10C3 causes a strong broadening of Curie peak and a dramatic Tm shift rate of -56°C/at.% La, which play a most important role in co-doping effect. Among BSTC and BSLTC, the dense S10L1C3 ceramic with high ε ′RT (~3500) and low tanδ (< 0.02) is a promising dielectric.
Conclusions

